Ocular infection by HSV-1 strain McKrae is neurovirulent in both mice and rabbits and causes fatal encephalitis in approximately 50% of animals. In addition, it spontaneously reactivates with high frequency relative to other HSV-1 strains in rabbits. We sequenced the McKrae strain genome and compared its coding protein sequences with those of six other HSV-1 strains. Most of the 74 predicted protein sequences are conserved; only eleven are less than 98% conserved.
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Abstract:
Ocular infection by HSV-1 strain McKrae is neurovirulent in both mice and rabbits and causes fatal encephalitis in approximately 50% of animals. In addition, it spontaneously reactivates with high frequency relative to other HSV-1 strains in rabbits. We sequenced the McKrae strain genome and compared its coding protein sequences with those of six other HSV-1 strains. Most of the 74 predicted protein sequences are conserved; only eleven are less than 98% conserved.
Eight proteins were identified to be unique for McKrae based on sequence homology bit score ratio (BSR). These include five proteins showing significant variations (RL1, RS1, UL49A, US7, US11), two truncated proteins (UL36 and UL56) and one (US10) containing an extended open reading frame. The McKrae strain also has unique features in its 'a' sequence and non-coding sequences, such as LAT and miRNA. These data are indicative of strain variation but need further work to connect observed differences with phenotype effects.
Introduction:
Herpes simplex virus type 1 (HSV-1) is a widespread human pathogen that establishes a lifelong infection characterized by recurrent cycles of latency and reactivation. To date, there are 17 strains of HSV-1 that have been isolated (ICTV 2011 taxonomy) . Among them, 7 genomes have been completed or partly completed. The reference strain 17 (NC_001806, X14112) is often used for genome sequence comparison. HSV-1 has a large double stranded DNA genome of approximately 150 kb that is composed of a unique long (UL) region (106.5 kb), a unique short (US) region (13.5 kb), two copies of a long inverted repeat (RL) (8.75 kb each), and two copies of a short inverted repeat (RS) (6.25 kb each).
During primary infection, HSV-1 undergoes productive replication in epithelial cells typically of the oral, nasal, or ocular mucosa. HSV-1 virions eventually infect the trigeminal ganglia by entering nerve endings at the site of infection, and a life-long latent infection is established in a subset of neurons (Hill et al., 1996) . The HSV-1 genome is largely inactive during latency, except for expression of the latency associated transcript (LAT) (Rock et al., 1987; Stevens et al., 1987) . HSV-1 latency may reactivate spontaneously or in response to stress resulting in production of infectious viruses/ particles. Infectious particles are transported to peripheral sites 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 where lytic replication ensues. Investigations into HSV-1 reactivation have implicated several viral gene products and genome regions including RS1 (ICP4) (a major transcriptional activator/repressor), RL1 (ICP34.5) (a neurovirulence factor), RL2 (ICP0) (a transcription regulator and ubiquitin ligase), and LAT (Halford et al., 2001; Halford and Schaffer, 2001; Perng et al., 1994) . Ectopic expression of RS1 (ICP4) or RL2 (ICP0) induces viral replication from a quiescent state in vitro, and deletions in the LAT promoter or LAT transcript have been shown to severely diminish reactivation in vivo (Block et al., 1993; Halford et al., 2001; Halford and Schaffer, 2001; Hill et al., 1990; Leib et al., 1989; Perng et al., 1994; Perng et al., 1996; Perng et al., 1999) . These genes all map to the inverted repeat regions of the viral genome. In addition, both micro RNAs (Umbach et al., 2008) and apoptosis have been implicated in latency reactivation (Jin et al., 2005; Perng et al., 2000) . Although several factors influencing reactivation from latency have been identified, the study of HSV-1 reactivation is complicated by the fact that reactivation frequency and ability to reactivate are both strain and host specific in vivo (Hill et al., 1987) . For example, in the rabbit model, HSV-1 strains McKrae, 17, and KOS each have a distinct reactivation phenotype (high, medium, and low frequency, respectively) (Hill et al., 1987; Perng et al., 2002) .
In addition, HSV-1 strains show variation in virulence and pathogenesis (Perng et al., 2002; Stroop and Schaefer, 1987) . Among laboratory strains (McKrae, 17, KOS, F, and H129),
McKrae is relatively virulent and neuroinvasive in mice and rabbits, resulting in 50% mortality at 2×10 5 pfu per eye in animals infected by the ocular route without corneal scarification (Jin et al., 2007; Jin et al., 2005) , whereas strain 17 and KOS infect the rabbit eye poorly without corneal scarification (Hill et al., 1987; Perng et al., 2002) . RL1 (ICP34.5) is a neurovirulence factor, and the McKrae strain variant has been shown to confer the virulent phenotype in recombinants (Bower et al., 1999; Mao, 2002; Mao and Rosenthal, 2003; Perng et al., 2002) . In this report we describe the use of high throughput sequencing to determine the HSV-1 McKrae genome sequence and employ comparative genomic analyses using previously sequenced HSV-1 genomes from strains F, H129, 17, HF10, and KOS sequences to locate protein and genomic sequence variability between strains that may contribute to the neurovirulence and high frequency reactivation associated with the McKrae strain. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4
Results and Discussion
The McKrae Genome Sequence
The HSV-1 genome has an architecture composed of a unique long (UL) element, a unique short (US) element, and two distinct inverted repeat elements which flank the UL and US termed the repeat long (RL) and repeat short (RS) (Fig. 1) . A total of 243,155 sequence reads were generated from 454 GS FLX+ system with the sequence length ranging from 40 bp to 1209 bp with mean sequence length at 339 bp and mod read length at 429 bp. The N50 contig size is 22,626 bp. More than 99% of the sequences have an average base Phred quality score of greater than 20 (Supplemental Fig. 1 ). The total bases are 82,442,028 with the genome coverage of 589.6X. From 243,155 sequence reads, the initial de novo assembling using Newbler software generated nine large contigs homologous to the UL, US, RL, and RS of the strain 17 genome (Fig. 1 ). There are 12,808 sequence singlets that were not assembled and may be the host source sequences or low quality sequences. PCR sequencing was used to confirm contigs and gaps.
Excluding one copy of each repeat element, the strain 17 reference genome (Accession No. ORFs shared by McKrae and strain 17 show synteny across the entire genome.
The HSV-1 genome is GC rich and contains many repeat elements, which can cause   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 6 conserved when HF10 was included and all seven strain sequences were compared (Tables 1& 2) .
Not all of these perfectly conserved proteins are necessary for viral growth in culture, and it has been suggested that maintenance of coding sequence in these proteins is the result of selection and enhanced fitness (Szpara et al., 2010) . The addition of McKrae, HF10, and KOS coding sequences has narrowed the focus of this list and has provided more evidence for an evolutionary advantage associated with sequence conservation in these proteins.
Identification of Protein Variants
The goal of this comparative analysis was to identify protein or sequence features unique to strain no difference, the BSR will be 1; however, the BSR will be lower than 1 if there are variations between McKrae and other strains. Using this approach, we were able to generate a list of proteins containing variation comparing to those from McKrae (Table 2) . Proteins UL56, RL1 (ICP34.5), US10, RS1 (ICP4), US11, US07 (glycoprotein I; gI), UL36 and UL49A are found to contain a relatively large amount of variations (BSR < 0.85), which include proteins that were previously identified to be associated with pathogenesis and latency reactivations, specifically RL1 and RS1.
Protein Variants
The identification of RL1 (ICP34.5) using the BSR method indicates it is capable of identifying protein variants that have been linked to a specific phenotype (Mao, 2002; Perng et al., 2002) .
The ICP34.5 protein of HSV-1 is a neurovirulence factor that plays critical roles in viral replication and anti-host responses (Bolovan et al., 1994; Li et al., 2011) . Strain McKrae RL1 (ICP34.5) has a lower BSR (0.387) due to an extended P-A-T repeat between residues 159 and through heterodimerization with US08 (gE), and alterations in the extravirion domain could affect recognition of either protein (Johnson et al., 1988) . In a report investigating HSV-1 phylogeny, gI sequences were used to look at diversity of HSV-1 isolates, and therefore a large number of gI sequences are available (Norberg et al., 2004 ). An alignment of forty-five gI protein sequences showed considerable diversity in the number and composition of the STPSTTT repeat element (Fig. 3 ). Only one isolate (lcl|31811) contained the six perfect iterations found in strain McKrae, suggesting this large iteration number is relatively rare. HSV-1 glycoproteins are known to interact with host cell membrane proteins and mediate envelope fusion and viral entry (Browne et al., 2001; Turner et al., 1998 (Balan et al., 1994) . It is tempting to speculate that the McKrae strain US07 variant may facilitate an increased cell-to-cell spread and pathogenesis.
Proteins predicted to contain large truncations (UL36, UL43, UL56) or extended ORFs (US10)
were also found to have lower BSR (<0.85). McKrae UL36, the large tegument protein, contains a premature stop codon introduced due to a G nucleotide deletion in a mononucleotide string encoding amino acid residue 2453 (nt 72,535). As a consequence, UL36 encodes a unique and relatively short C-terminus of 321 amino acids relative to the mutation site as opposed to over 700 residues in the compared strains. The premature stop codon causes a loss of the 70-amino acid PQ repeat. It has been reported that residues 2430 to 2893 of wild type HSV-1 UL36 contain a binding site for the capsid protein UL25 (pUL25), which is required to recruit protein encoded by UL36 (pUL36) onto cytosolic capsids during assembly for secondary envelopment. In addition, the 167 residues of the very C terminus contain a second pUL25 binding site crucial to maintain pUL36 on incoming capsids during cell entry (Schipke et al., 2012 (amino acid 97). This results in a divergent and truncated C-terminus of only 83 aa (compared to 137 aa in other strains), which significantly reduced the BSR of UL56. UL56 has been implicated in pathogenicity (Kehm et al., 1996) ; restoring UL56 expression in the non-expressing, avirulent HSV-1 strain HFEM resulted in a pathogenic phenotype. In addition, C-terminal deletions in UL56 lead to a much reduced pathogenicity. The predicted C-terminal loss in the McKrae strain does not seem to agree with these previous studies. The authors acknowledge their observations may be specific to the infection route (intraperitoneally, IP); however, strain
McKrae is pathogenic in mice by IP infection (Kehm et al., 1996; Weir et al., 1989) . The presence of the UL56 mutation in the virulent McKrae strain may reflect phenotypic masking by a dominant protein variant in strain McKrae, possibly RL1 (ICP34.5) or US07 (gI). UL49A (glycoprotein N) of strain McKrae was also found to have a lower BSR when compared to the other six strains. UL49A has two aa differences at residues 28 and 51 with histidine and threonine for McKrae, arginine and threonine for 17, and histidine and alanine for the other strains. Among all the strains, UL49A was also found to contain variability unique to F strain (Szpara et al., 2010) . No UL49A was annotated in HF10 strain; therefore, BSR is not calculated when HF10 strain was included in the comparison. US11 is an RNA binding protein involved in translation regulation. This analysis also finds that US11 is unique for McKrae and H129 with 6, 9, and 12 aa deletion near the c-terminal when compared to HF10, 17, and KOS strains, respectively (Sup Fig. 2A ).
Non-Coding Sequence Variation: Origin of Replication L (oriL)
The initial strain McKrae genome assembly did not appear to contain an oriL site. Standard PCR amplification of the region, followed by amplicon sequencing, confirmed this result. Although oriL is not required for genome replication and establishment of latency, previous research has associated oriL with enhanced neuronal replication in vitro and efficient reactivation in vivo (Balliet and Schaffer, 2006; Polvino-Bodnar et al., 1987) . oriL also contains neuron specific protein binding domains, suggesting an important role for replication during active infection and adaptation to respond to neuronal signals during reactivation (Hardwicke and Schaffer, 1997).
The presence of oriS in the initial assembly led to the conclusion that 454 sequencing is capable of sequencing through the hairpin structures formed by the replication origins. To further   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 examine the McKrae strain oriL deletion, the same region in strain 17 was amplified. However, it also produced a PCR product reflecting an oriL deletion (Fig. 4) . As shown in Figure 4 , the 409 bp band in lane A is an amplicon of the oriL site in a stable hairpin. PCR sequencing of this product indicated an oriL deletion. The 557 bp product in lane B is the relaxed oriL site and indicates the presence of oriL. Sequencing of the relaxed hairpin PCR product produced sequence ends that confirmed the product was from the oriL site. We were, however, unable to sequence through the entire hairpin using either standard or modified Sanger sequencing protocols. Although we were unable to sequence a 102 bp region (strain 17 bp 62,416 to 62,517)
encompassing the apex of the oriL hairpin, our data is consistent with the presence of oriL, and it is reasonable to conclude that the McKrae oriL does not significantly differ from replication origins present in the compared strains, which are 100% conserved.
Inverted Repeats
The Inverted Repeat consists of the long and short inverted (or internal) repeats (Fig. 5A ). An inverted copy of each repeat, of course, also flanks the opposite end of the unique long and unique short regions, respectively. The inverted repeats surrounding UL and US are of particular interest because they are the only significantly active sites of the viral genome during latency, and emergence from the latent state is affected by proteins and other genome features in this region ( Fig. 5 ) (Block et al., 1993; Halford et al., 2001; Halford and Schaffer, 2001; Hill et al., 1990; Leib et al., 1989; Perng et al., 1996; Perng et al., 1995; Stevens et al., 1987) . The inverted repeats contain the viral protein coding sequences for RL1 (ICP34.5), RL2 (ICP0), and RS1 (ICP4), the non-coding latency associated transcript (LAT), open reading frames ORF-O and ORF-P, the 'a' sequence, oriS, several tandem repeat elements, and several micro-RNAs (miRNAs) (Fig. 5a ). Tandem repeats found at the UL-RL junction are related but distinct, and they are reduced in strain McKrae (49 bp in McKrae as opposed to 181 bp in strain 17 and KOS).
Immediately following the UL-RL junction repeat, strain McKrae is missing a significant amount of sequence compared to other strains (approximately 330 nt). The RS-US junction is nearly identical between strains, and the oriS sequence just upstream is perfectly conserved.
The 'a' Sequence
HSV-1 McKrae strain has a unique 'a' sequence compared to the other well-defined lab strains 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 included in these analyses (Fig. 5b) . The HSV-1 'a' sequence is present at the internal RL -RS junction and at the ends of the linear genome. Variability in the 'a' sequence is common both between strains and within strain isolates, but the subunit pattern is conserved ( sequence has been implicated in genome stability and recombination rate (Umene, 1991 (Umene, , 1993 .
The effect of interrupting the DR2 repeat with divergent sequence strings may have an effect on recombination, but could also affect RL1 (ICP34.5) expression (Chou and Roizman, 1986; Martin and Weber, 1998) . Upstream promoter elements influencing RL1 (ICP34.5) expression have been found in the DR2 array and have been shown to alter expression in vitro. Differences in repeat length, especially in the DR2 array, are present between strains, but this may not be as significant as the structural variation described here for strain McKrae.
The LAT region
Previous work has shown HSV-1 LAT to be required for spontaneous reactivation, and we hypothesized that a multiple sequence alignment of the LAT region would identify sequence features unique to strain McKrae (Fig. 5a ). In these analyses, the full LAT transcript was inferred from existing McKrae sequence data, annotations, and sequence markers present in the compared strains. The LAT TATA promoter sequence is 27 nt upstream of the proposed transcription start site at nt 117,769 in strain McKrae, and the 3' transcript end is assumed to terminate near a polyA signal ending at nt 125,965. Therefore, the strain McKrae LAT is predicted to be 8,170 nt with a transcription start site at nt 117,796. The LAT promoter is well conserved between strains, and the little variability that does exist is unlikely to be responsible for increased reactivation in strain McKrae. A previous study showed that substitution of the McKrae LAT promoter for the nonspontaneously reactivating KOS strain promoter in a KOS background did not impart increased reactivation (Strelow et al., 1994 
Micro-RNAs
The role of miRNAs in translation regulation has recently become of interest in HSV-1 biology.
Several miRNAs have been discovered in the inverted repeat regions that are capable of interfering with RS1 (ICP4) and RL2 (ICP0) The proposed region of miRNA interference in RL2 (ICP0) is 100% conserved between strains, whereas the RS1 (ICP4) transcript contains two sites of variation, one of which is specific to This sequence analysis identified at least 8 genes and several non-coding sequences unique for
McKrae strain. In addition to those previously identified to be associated with pathogenesis and latency reactivations, such as RL1, RS1, and RL2, three UL genes (UL36, UL49A, UL56) and three US genes (US7, US10, US11) were found to be unique for McKrae strain. In addition to gene variations, non-coding sequences such as LAT, 'a' sequence, and miRNAs, were also identified to contain variations unique for McKrae. These differences may contribute to observed pathogenic and reactivation phenotype variability among different strains.
Materials and Methods:
Virus and Cell Culture
HSV-1 strain McKrae was propagated in Vero cells maintained in Eagle Minimal Essential
Medium (EMEM) with 2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 10% fetal bovine serum (Promega Scientific), penicillin (100 U/ml), and streptomycin (100 g/ml) (Sigma, St. Louis, MO).
Purification of viral DNA
Viral DNA was extracted either from virions purified as previously described (Jin et al., 2008) or from purified intracellular nucleocapsids. For nucleocapsid purification, infected cells were harvested when 70-90% of the monolayer showed CPE and processed as described previously (Scherba et al., 1992) . Briefly, flasks were freeze-thawed twice and pelleted at 5000 rpm at 4 C for 20 min. The cell pellet was then washed in PBS and resuspended in 18 ml hypotonic buffer (10 mM Tris-HCl, 10 mM KCl, 5 mM EDTA, pH 8.0) and 2 ml Triton X-100 and incubated on ice for 10 minutes. The cell debris was removed by low speed centrifugation at 5000 rpm at 4 C for 10 minutes. The viral nucleocapsids were then centrifuged through a 60% sucrose cushion for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
McKrae Genome Sequencing
Sample preparations for 454 sequencing were carried out using protocols provided by the manufacturer. The viral genome, total 5 g of purified viral DNA, was nebulized to produce fragments less than 800bp before sequencing. DNA sequencing was done using the GS FLX+ System from 454 Life Technology (Roche). De novo assembly of the McKrae genome was assembled using 454 Newbler de novo assembler (version 2.5).
PCR DNA Sequencing
Primers were designed using Primer3 software to generate PCR products spanning genome gaps (Table 3) . PCR products were either gel purified using the IBI Scientific Gel/PCR DNA 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 94°C for 2 min, 30 cycles of 94°C for 30 s, 66°C for 30 s, and 72°C for 30 s, followed by a 5 min elongation reaction at 72°C after the final cycle.
Comparative Sequence Analyses
Primary sequence data and PCR sequence data were assembled using Geneious software.
Annotations of the McKrae genome and comparative analyses were also done using Geneious software. Protein domain and structure information was gathered from NCBI and UniProt databases (http://www.ncbi.nlm.nih.gov/; http://www.ebi.ac.uk/uniprot/). 
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